Although invasive species can cause major declines in native populations, some individuals in a native population are better equipped to deal with the threat than others. Existing trait variation-especially in highly flexible behavioral traits-may thus buffer populations and allow natural selection to proceed. Cane toads (Rhinella marina) have caused dramatic declines in native Australian predators, which unwittingly attack the poisonous toads. The northern quoll (Dasyurus hallucatus) is one such predator, with declines and local extinction of quoll populations typically occurring rapidly after toads arrive. Despite this, some quoll populations persist in areas where toads have been present for ≥70 years. Here, we compare northern quolls from toad-infested and toad-free areas to test whether this persistence is enabled by behavioral traits. We demonstrate that northern quolls from long-term toad-infested areas have indeed become "toad-smart," spending significantly less time investigating a toad compared with a control prey item, and limiting this investigation time to investigatory rather than attacking behavior. By contrast, quolls from toad-naive populations vary in their response to toads, with many exhibiting attack behavior. These results demonstrate that behavioral variation exists within naive populations and the few persisting northern quoll populations in toad-infested areas have naturally developed toad-smart behavior. Population modeling suggests this behavior likely persists across generations. Although the mechanism is unknown, the observed shift in toad-smart behavior may be due to rapid adaption, and if so could become a vital tool for conserving this endangered species.
INTRODUCTION
Trait variation is universal and plays an important role in how populations respond to a threatening process (Bolnick et al. 2003 (Bolnick et al. , 2011 . Individuals possessing certain traits may be better equipped to deal with particular threats. Thus, the impact of a threat is not equal among individuals in a population, resulting in natural selection favoring certain traits (Darwin 1859; Wilson 1998; Bolnick et al. 2011) . A response to natural selection will cause traits to shift, but of course traits can shift rapidly through plastic and stochastic processes also (Stockwell et al. 2003; Bolnick et al. 2011) . Behavioral traits are particularly flexible, with adaptive shifts occurring both within and across generations (Dall et al. 2004; Wong and Candolin 2015; Caro 2016) . After the introduction of a novel threat, then, existing and de novo variation in behavioral traits can act to buffer a species from extinction (Buchholz 2007; Ghalambor et al. 2007 ).
Due to long-term evolutionary and biogeographical isolation, Australia's native fauna are considered particularly vulnerable to invasive species. One of Australia's most infamous invaders is the cane toad (Rhinella marina). Introduced to north-east Australia in 1935, it has since spread eastwards across the continent (Urban et al. 2007; Kearney et al. 2008; Shine 2010) . These toxic anurans are novel to Australian predators, who unwittingly attack them and die, causing local extinctions in native predator populations across northern Australia (Shine 2010) . Despite the widespread decline, however, some predator species exhibit rapid adaptation to the presence of toads, and now persist alongside them (monitor lizards, Llewelyn et al. 2014 ; frogs and fish, Nelson et al. 2011) . These adaptations include changes to morphological traits, such as decreasing jaw size in snakes so that they cannot consume lethal-sized cane toads (Phillips and Shine 2004) . Perhaps most importantly, there have also been changes in behavior, with many predatorssuch as goannas (Jolly et al. 2016; Ward-Fear et al. 2016) , snakes (Phillips and Shine 2006) , frogs , dasyurids (Webb et al. 2008; Kämper et al. 2013) , and freshwater crocodiles (Somaweera et al. 2011 )-either learning or evolving to avoid toads as prey. Some raptors have even learnt to selectively consume only the parts of the toad with low concentrations of toxin (Beckmann and Shine 2011) . The toad invasion is an ideal system to observe the effect of invasive species on behavior of natives because it is often possible to find predator populations ranging from longexposed (≥70 years) through to completely toad naive.
One native predator at risk of extinction due to the cane toad is the northern quoll (Dasyurus hallucatus). These cat-like marsupials are generalist mesopredators, consuming a varied diet of reptiles, amphibians, insects, and mammals (Oakwood 1997) . They used to occur over much of northern Australia, but are now classified as endangered under Federal legislation, chiefly due to the impact of cane toads (Woinarski et al. , 2014 . Cane toads have already fatally poisoned countless quolls, causing rapid declines of quoll populations in Queensland and parts of the Northern Territory. Toads are expected to eventually colonize the quolls' entire range (Kearney et al. 2008; Woinarski et al. 2008) . Although detailed data on pre-and post-toad quoll densities are only available for the recent invasions, it is clear that the vast majority of northern quoll populations that have come into contact with toads since 1935 have gone locally extinct (Burnett 1997; Woinarski et al. 2008 ). However, a small number of remnant populations have persisted in Queensland over the past ≥70 years since toad arrival . Northern quolls in these populations have not developed an increased resistance to the toxin (Ujvari et al. 2013) , suggesting that behavioral mechanisms are likely at play.
It seems likely then that quolls from these remnant populations are "toad-smart" )-they avoid poisoning themselves on toads-a trait that, if it could be induced in toadnaive populations, could be very valuable to conservationists (Kelly and Phillips 2016) . As yet, researchers have been unable to determine the mechanism whereby quolls acquire this behavior. Previous work shows quolls can be trained to be toad-smart through conditioned taste aversion (Garcia et al. 1974; O'Donnell et al. 2010 ), but such training occurs under controlled circumstances: Evidence from radiotelemetry and mark-recapture studies of toad-naive populations suggest that very few quolls survive to learn in field conditions O'Donnell et al. 2010; Cremona 2015; Jolly et al., unpublished data) . It is this high mortality rate that is argued to have caused the rapid population declines, but the link between toad mortality and population decline has not been firmly established. We make this link explicit here using population viability analysis to determine what proportion of a population would need to be toad-smart for the population to persist. We then go on to ask whether there is variation for toad-smart behavior in toadnaive quolls, and whether these behavioral traits appear to have shifted between toad-naive and toad-exposed quoll populations. We predict that toad-exposed quolls will have less interest in toad prey compared with their naive counterparts and generally exhibit less attacking behavior when interacting with toads.
METHODS

Population viability analysis
To predict the level of toad-smarts required for a northern quoll population to survive the cane toad invasion, we developed an individual-based simulation model (Shettleworth 1984; Grimm and Railsback 2005) . Using this, we executed a population viability analysis to estimate how the probability of individuals attacking and dying from toads (from 0 to 1 in 0.01 increments) influences population viability. The model captures all relevant aspects of quoll life-history and was parameterized using published data from wild and captive-bred northern quolls. Model details are reported in Supplementary Methods.
Toad-response experiment
To measure responses to toads in wild northern quoll populations, we collected northern quolls from toad-infested and toadfree areas of northern Australia and brought them into captivity at the Territory Wildlife Park, NT. The toad-exposed group (n = 18) was collected from 2 toad-infested areas in Far North Queensland, Mareeba (Mareeba Wetlands and Mareeba Crocodile Farm) and Cooktown (South Endeavor). Both areas had similar densities of cane toads, and predators of northern quolls were present at both sites. The toad-naive group (n = 40) was collected from Astell Island, NT, a predator and toad-free island set up in 2003 as an insurance population of northern quolls from Kakadu National Park (where quolls are now almost locally extinct) prior to the cane toad invasion (for more details, see Rankmore et al. 2008 ). These collection sites were selected because they fit with our scientific objectives, as well as being logistically possible. We were unable to collect even sample sizes from each location due to practical (collection and housing) constraints, as well as limitations on permits.
To measure toad-smarts, each individual was presented with a dead adult cane toad or a dead adult mouse (the "prey" treatment) in a wire cage, so that they could see and smell the prey item but not access it. The mouse was selected as a control item as it was a prey the quolls were familiar with. Both prey items were presented dead to control for any prey behavioral differences. The experiment was run over 6 nights with prey alternating so each prey type was presented 3 times, with the starting prey item being randomly allocated. Experiments began at sunset and ran for 2 h, after which the prey item was removed and the quolls were fed their regular diet (a rotating combination of chicken necks, live insects, fish, and vet-recommended cat biscuits). The response was filmed (GoPro HERO) and analyzed for overall time the quoll spent investigating the prey item in each 2-h trial. "Inspecting" behavior was defined as the quoll being engaged with the cage containing the prey item, exhibiting either sniffing, pawing, or biting behavior. Videos were scored by the same observer who was blind to the quoll's origin (toad-infested or free), but was not blind to prey treatment as it was visible in the video. We used a linear mixed effects model to analyze the time spent inspecting the prey item. As fixed effects, the model included the effect of sex, trial night (1-3 for each prey type), toad-exposure group, and prey treatment. We also included the interaction between prey treatment and toad-exposure category, this being the primary effect of interest. Individual was included as a random effect. P values were obtained by likelihood ratio tests of the full model with the effect in question against the model without the effect in question. This analysis was performed using R (R Core Team 2016) with the lme4 software package (Bates 2015) . The 2 toad-exposed populations were pooled after we added collection location to the model and found no significant effect of where the quolls originated from (χ 2 (1) = 0.16, P = 0.69; Table 1 ). To determine the type of behavior the quolls exhibited when first encountering the prey item, the first minute of each interaction (where the quoll did approach the prey item; time spent investigating > 0 s; toad-exposed [n = 18] and toad-naive [n = 37]) on the first night was analyzed for the presence of either investigatory behavior: "sniffing" or attacking behavior: "pawing" or "biting" the cage containing the prey item. For the purpose of analysis, we pooled the pawing and biting responses to create a binary response of either "investigating" or "attacking." We performed a logistic regression on these data using GLM function with a binomial distribution, including effects for toad exposure category (toad-exposed or toad-naive) and prey type (toad treatment or mouse control) and the interaction between them (R Core Team 2016). We calculated relative risk to generate an intuitive metric for effect sizes. 
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RESULTS
Population viability analysis
The results from the population viability analysis indicate that northern quolls would experience a population collapse when the probability of attacking (and being killed by) a toad for each individual was greater than 0.68 (Figure 1 ).
Toad-response experiment
The interaction between toad exposure category and treatment showed northern quolls from toad-infested areas of northern Australia (toad-exposed) spent significantly less time investigating the toad (mean inspection time [± standard error] = 33 ± 17 s) compared with the mouse control (212 ± 17 s) and their naive counterparts (225 ± 10 s, χ 2 (1) = 10.21, P < 0.001; Figure 2 ; Table 1 ). The time spent investigating the prey declined over the trial period for all treatments and populations (−74 s/day, χ 2 (2) = 53.60, P < 0.001). Male quolls spent significantly more time investigating than females (90.5 s more, on average, χ 2 (2) = 17.44, P < 0.001).
As well as spending substantially less time investigating toads overall, toad-exposed quolls were also much less likely to exhibit attacking behavior (biting or pawing) during the first minute interacting with the toad (Figure 3) . Toad-naive quolls were 8.22 times more likely (relative risk, 95% confidence interval [1.73, 47 .1]) to attack (paw + bite) the offered toad than their toad-exposed conspecifics, and the model showed the interaction between exposure category and prey type to be statistically significant (χ 2 (1) = 10.44; P = 0.001).
DISCUSSION
The results of the population viability analysis suggest that, if less than 68% of quolls in a population attack a toad, then the Mean ± standard error of mean time spent investigating 2 treatment prey types (dead adult toad or control dead adult mouse) in a 2-h period (in seconds). Results shown over 3 nights for each treatment for 2 populations: toad-exposed (QLD) and toad-naive (NT). Proportion of individuals exhibiting the 3 different attack types (bite, paw, sniff) in the first minute of interaction with prey items (mouse and toad) for each population, toad-exposed (QLD, n = 18) and toad-naive (NT, n = 37).
population should persist. By contrast, 51.4% of quolls from toadfree areas exhibiting attack behavior within the first minute of encountering an unmoving (dead) toad. Given the contrived circumstances, we consider this as the absolute lower bound for the true percentage of toad-naive quolls that would attack toads. Certainly, toad-induced mortality of these toad-naive animals appears substantially higher in the field (e.g., 85.7% of toad-naive female quolls attacked cane toads within 3 days of release; Jolly et al., unpublished data) . Also, the behavior of toad-naive quolls was generally no different when they were interacting with a dead adult toad compared with a dead adult mouse, suggesting they treat cane toads as they would any potential prey item. Taken together, these results indicate that the initial proportion of wary individuals that avoid toads in a toad-naive population will often not be high enough to allow that population to persist. Quolls collected from toad-exposed areas spent substantially less time investigating toads compared with a control prey item, and only one of the toad-exposed quolls displayed attacking behavior toward toads. This confirms also that quolls from populations longexposed to toads are typically toad-smart, and shows little variation in this trait due to the strong selection acting on toad-smart behavior. By contrast, toad-naive quolls were more than 8 times more likely to exhibit these attack behaviors. Relative to quolls from toadnaive populations, quolls from toad-exposed populations were both disinterested in toads and disinclined to attack them. Certainly, the rates of toad attack in toad-exposed quolls appear sufficiently low that toads do not threaten the population.
Being generalist predatory mammals, quolls are likely capable learners (Shettleworth 1984) . Our results support this by showing a rapidly declining interest in the prey item over the course of the experiment as the quolls learned they could not access the prey item. It has also been shown that conditioned taste aversion (Garcia et al. 1974; Pearce 2013) can be used to elicit toad avoidance in quolls (O'Donnell et al. 2010; Cremona 2015) . Our toad-exposed quolls were collected as adults from toad-infested areas. Because of this they clearly grew up with toads and must have avoided them in the wild (otherwise they would not have survived). It remains possible, then, that all quolls in these populations learn toad avoidance de novo and that we simply sampled animals that had already learnt to avoid toads (and did not sample the dead individuals from this population that failed to learn). This strict possibility seems unlikely simply because toad-induced mortality rates in naive animals in the field appear too high for populations to persist (above the 68% threshold determined by our population model; O'Donnell et al. 2010; Jolly et al., unpublished data) . More likely is that individuals from toad-exposed populations either innately avoid toads, learn via cultural transmission from their parents not to eat toads, or have an innately increased propensity for learning relative to their toad-naive conspecifics. Together, the results from the population model and our knowledge of quoll behavior suggests that toad-smarts are likely inherited-yet further work, likely involving a common garden experiment, would be required to confirm this. A genetic basis to prey choice has been shown in a broad array of taxa (Ayres and Arnold 1983; Lindström et al. 1999) , including possible innate cane toad avoidance in some Australian reptiles (with no maternal care; Phillips and Shine 2006; Llewelyn et al. 2011) . A genetic basis would also be consistent with the obviously very strong natural selection acting on toad-smart behavior (e.g., Phillips et al. 2010 ). This said, we cannot rule out the possibility of pure cultural transmission either (i.e., that mothers teach their offspring to avoid toads or the offspring learn through observation/imitation, e.g., Oakwood 2000; Raihani 2008, 2010 ).
Our study is the first to demonstrate natural individual variation in toad-smart behavior in toad-naive populations of northern quolls and suggests that some quolls are innately better equipped to survive the cane toad invasion. This variation is magnified when we compare toad-smart behavior across naive and toad-exposed populations. Variation in quoll behavior protects some individuals from toad-induced mortality, at once buffering the population from the impact and allowing natural selection to occur. This is supported by results from northern quoll toad aversion training, which shows variation among individuals in their ability to learn via conditioned taste aversion (O'Donnell et al. 2010; Jolly et al., unpublished data) . Although our results suggest toad-smarts can be passed between generations-either genetically or through cultural transmission-additional work would be needed to confirm this. And the answer matters: If we know how toad-smarts are passed between individuals, we can develop specific management actions to increase the proportion of individuals with toad-smart behavior in threatened populations (Kelly and Phillips 2016) .
More generally, behavior is becoming increasingly recognized as an important tool for buffering the impacts of human-induced environmental change. Many are urging more focus on individuallevel traits and how behavior can be used practically to improve conservation benefits (Berger-Tal et al. 2015; Wong and Candolin 2015; Caro 2016) . Our study supports these calls.
SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.
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